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Abstract 
Alarming values of carbon emission in megacities charged with anthropogenic carbon-di-oxide continued to draw 
international attention. At present, creating green packets with high plant density was the only implementable 
solution for the carbon capture. In this paper, we propose, a strategy of increasing the packing density of the plants 
by creating tree-like building structures. The essential features of the building were modelled mathematically by 
emulating a natural tree. Cantilever balconies were designed similar to leafs of a natural tree to host the plants for 
carbon capture. The simulation assumed constant node to node distance, two leafs per node, each leaf trapezoidal in 
shape and perpendicular to stem. For various values of helix angle, pitch, leaf dimensions, number of leafs per node 
and cycles, the simulation calculated the area for carbon capture, land needed, slenderness of the building and 
percentage benefit on area created over the land available. It was found that typically about 200% extra area can be 
created for carbon capture for a given land. REVIT Architecture software was used to design a typical building 
structure. The structure was adoptive to futuristic carbon capture technologies like algae harvesting, chemical 
neutralization, CO2 conversion into bio-fuel. Integration of Human habitation can be a value added feature.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
1.1. Background 
Net Carbon in gas phase released to atmosphere from condensed phase, called carbon emission, was an important 
causal factor for global warming. This accumulation was mostly driven by human activities like combustion of 
fossil fuels and industrial output. Kyoto protocol [1] was one important effort by the international community to 
enforce the efforts to reduce the green house gases in general and CO2 in particular. Whereas it reminds the 
developed countries their responsibility of containing anthropogenic CO2, nonetheless it also insists developing 
countries to check the CO2. Most of the efforts are put in two ways: one, developing such techniques that avoid 
generation of CO2 and two, carbon capture through absorption of CO2 by various means; like natural trees, chemical 
absorption techniques etc. Reichle et al. [2] of US department of energy emphasized the importance of carbon 
capture as a main method of regulating global warming as it had many other collateral uses. Since the major 
anthropogenic emissions come out from the cities, it was imperative that many ideas for carbon capture are related 
to urban areas. There was an enormous literature on proposals for carbon capture and their economic viability.  
In urban areas especially in cities, per capita carbon emission was very high due to high human packing density. 
High human packing affects carbon emission in two ways, the respiration and the fossil fuel consumption. However, 
the contribution of former was small compared to the latter. The plant system, which capture this gas phase carbon 
Nomenclature 
 
Al Area of the Leaf 
As Area available for carbon capture 
AT Projected area of the each plant (Land/tree) 
a Width of stem side 
b Width of rear side 
c No of cycles 
Ds Stem diameter 
DT Projected diameter of tree 
lf Length of leaf 
lp Node-node pitch 
m No of leafs/node 
n No of nodes/cycle 
N Total no of nodes 
Ɵ Angle of leaf at stem 
p Total number of plants 
Q Land Percentage benefit 
z Stem length 
α Helix angle 
ε Proportionality constant, a loss parameter that accounts for land that was not 
covered by plants. 
ζ l/d ratio of tree 
ξ Tree inclination 
φ Angle between two leafs at a node 
ψ Leaf angle with stem  
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through photosynthesis need to be grown in proportion to the raising anthropogenic CO2. However, it was not taking 
place, perhaps due to changing priorities of the population, to enhance their average living standards. Creating dense 
green packets distributed over the area was thus an important solution. However, it was limited by the cost of the 
land. There are a few more important benefits also with these green packets like, transpiration cooling and bringing 
in changes in albedo which can alter urban microclimates.  
Escobedo et al. [3] proposed the concept of urban forest and tried to quantify the amount of carbon capture from 
the increased dry weight of trees per annum from Florida, USA. At a different geographic location, South Africa, 
Stoffberg et al.[4] estimated that the implantation of 115,200 indigenous street trees in the City of Tshwane, result in 
200,492 tonnes CO2 equivalent reduction and that 54,630 tonnes carbon will be sequestrated for a period of 30years. 
Nowak et al. in their classic studies [5,6] also found urban forest concept viable and estimated the rate of carbon 
capture as 2.8tonne/m2/yr in US urban areas. In line with Kyoto protocol, India was also making efforts to quantify 
carbon capture rate eventually leading to the quantification of the contribution of urban forest. A study on Kolhapur 
city, India [7] indicated that the avenue trees contribute to 54.36tonnes/km/yr carbon capture. Similarly, a study 
carried out by Archana and Ankur [8] at Pune, India estimated about one ton carbon capture per 100 tons of 
vegetation. 
On the contrary, another school of thought for carbon capture proposes for rapid removal of CO2 by chemical 
methods. A remarkable proposal of artificial trees by Klaus Lackner [9] claims about one ton/day of carbon capture 
using chemical methods for a same size of a natural tree. The artificial/synthetic trees absorb CO2 from the air that 
contain high CO2 and releases air with low CO2. 
Unlike a botanist who was interested in carbon capture capacity per unit vegetation, an architect was interested in 
the exploration of ways to increase the area for vegetation per unit land. Although cities with high human density 
need sufficiently large land for vegetation; nevertheless becomes scarce, due to its high cost. In this paper, we 
suggest tree-like building structures that increase the area for carbon capture per unit land. The area realized for 
vegetation can also be used for 1) plant-human integral living for commercial viability and 2) installation of 
artificial carbon-absorbing units.  
2. Proposal 
The necessary condition for the structures for Carbon capture was that they should facilitate atmospheric air 
contact for maximum CO2 absorption. When the plant system was chosen for carbon capture, another condition, 
maximization of direct sunlight exposure, adds to the above one. In summary, two constraints need to be addressed 
for the inclusive design of carbon capture structures; one, the exposure to atmospheric gases for maximum CO2 
absorption and two, maximum direct sun exposure. Natural trees fulfill these two conditions in their own way by 
arranging leafs in spiral pattern. Spiral patterns lead to minimal loss due to shadows and minimal resistance to air 
flow. Many simulations of the natural tree consider this observation [10, 11].  Keeping in view the above 
constraints, the proposed building structure for plant growth was also thought to be spiral.  
The proposed tree-like building structure was much similar to an ordered derivative of a natural tree in which 
leafs were directly attached to the stem (trunk). Cantilever balconies/ platforms look similar to leafs of the tree 
projected out from the stem. The plant system was made to grow in these platforms and atmospheric air in the form 
of wind was always in contact with plant system. As mentioned earlier, some platforms can be used for human 
utility to improve upon the commercial viability. The stem with a lift and crane can be utilized for transportation of 
people, requisites for harvesting and plant produce. Since the envisaged building was a spiral, it enables least 
shadow factor and least drop in wind velocity due to structural walls near plants.  
In this paper, we tried to model the building structure to derive mathematical expressions for fixing the major 
dimensions. The objective functions will be area for vegetation per unit land and slenderness of the building 
structure. At the end, a few aspects of making the building commercially viable were discussed. 
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3. Modeling  
Consider a typical arrangement for carbon capture. A series of plants will be grown as an urban forest, or as 
avenue plants. Assuming for a given plant species and age, the averaged area per leaf available for photosynthesis 
and average number of leafs per plant were constant, then the area available for carbon capture, As, was a simple 
proportion to the product of number of plants, p and projected area of each plant, AT as 
ୱ ൌ ɂ୘                  (1) 
Where ε was proportionality constant depends upon the area of a leaf, number of leafs per plant and total number 
of plants. Thus for plants horizontally arranged, the land required for a given quantity of carbon capture was equal to 
the land occupied by the plants. Now, let us imagine the plants were grouped and arranged as a vertical stack. Then 
the areas for carbon capture and land required for keeping the plants differ. This was called the land benefit, which 
indicates the relative ratio of the area for carbon capture created by vertical stacking of plants to the projected area 
of the stack.  
For vertical stacking, we created tree like structures as described earlier. We kept the vocabulary of natural tree 
and proposed tree-like building same to simplify the mapping of the natural and the artificial. The words tree, stem, 
leafs, nodes were used for denoting respectively the building, the central hollow cylindrical construct, cantilever 
platforms projected from the cylindrical stem and the entrance to the each platform. 
The inclination of the tree building was assumed 900 i.e., tree was vertical.  The projected area of a tree in general 
was a circle whose diameter was the maximum dimension of the spread of the branches. In our case, since leafs 
were projected out, the maximum dimension, DT was  
୘ ൌ ʹ୤ ൅ ୱ                 (2) 
Where lf and Ds were the length of the leaf and diameter of the stem respectively and were the datum input.  The 
lf depends on the plant density required for unit mass of carbon capture and Ds depends on the area required for 
accommodating a standard crane and a lift for personnel and material movement. DT was the figure of merit for land 
needed; we considered the square of DT as the land required to accommodate the area for carbon capture.  
In the case of natural trees, the branches originate from stem at node points. The number of nodes and number of 
branches per node were specific to a given plant. Node to node distance, called node pitch, was an important input 
parameter that contributes to leaf packing density and thus shadow factor. The pitch need not be same along the 
height of the tree. Leafs were attached either directly to stem (e.g. banana plant), or to branches or to sub-branches. 
This parameter plays an important role in designing against wind.  
In the present modeling we simplified the simulation of natural tree by considering nodes as equidistant and leafs 
were directly attached to stem much similar to banana tree. Node-node pitch, lp and no of leafs/node, m were input 
variables. The angle between two leafs at a node, φ was also an input variable; 1800 for two leafs per node and 900 
for 4 leafs/node. The inclination angle of leaf with stem, ψ, denotes the inclination of a leaf; and was taken as 900 
although any angle was possible. The planes of two successive nodes make an angle α, called helix angle, or climb 
of the tree. The total number of nodes and the number of leafs were derived from helix angle and number of 
repetitions of the helix called cycles, c as 
No of nodes/cycle, ൌ ͵͸ͲȀȽ     (3) 
And total no of nodes,  ൌ ሺ͵͸ͲȀȽሻ כ                  (4) 
Total no of leafs =  כ     (5) 
The length of the building, called stem length, z, was therefore  
 ൌ  כ ୮       (6) 
Slenderness or l/d ratio of tree, ζ was  
Ƀ ൌ Ȁ୘       (7) 
The area of each leaf was arrived by assuming the leaf as a trapezium, the minor side was attached to stem. Let 
the angle of leaf was Ɵ. Then the width of leaf at stem side, a, width of leaf rear side, b, Area of the Leaf, Al were 
calculated as 
 ൌ Ɏ כ ୱȀ                    (8) 
 ൌ ʹ כ ୤ כ ፽ ൅     (9) 
 ൌ ሺ ൅ ሻ כ ୤Ȁʹ      (10) 
From these values, the area for carbon capture was evaluated as 
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ୱ ൌ  כ  כ ୪       (11) 
Land Percentage benefit, ൌ  ሺሺୱ െ୘ሻȀ୘ሻ כ ͳͲͲ   (12) 
4. Simulation results and Discussion  
The simulations were carried out with various values of the above inputs. Table-1 illustrates the summary of the 
inputs and outputs and a typical calculation for arriving at 100m2 area of a single leaf with 10m diameter stem. 
Other inputs were as given in table-1. A program was written in MS-excel for this purpose. The typical calculations 
showed that we can create an area of 2408m2 for carbon capture with in a land of 1444m2 of land. The net gain in 
area was about 67% in this case. Various factors contributed for manipulating the benefit and were discussed below.  
     Table 1. The typical input-output table for the simulation of the tree-like structure for one cycle. 
Parameter   Value  
Tree inclination, ξ  90 
Projected diameter of tree, DT  Calculated 38 
Land for the tree, AT 
l/d ratio of tree, ζ 
Stem diameter, Ds 
Stem length, z 
Helix angle, α 
No of cycles, c 
Node-node pitch, lp 
No of nodes/cycle, n 
Total no of nodes, N 
No of leafs/node, m 
Angle between two leafs at a node, φ 
Leaf angle with stem ,ψ 
Leaf shape 
Length of leaf, lf 
Width of stem side, a 
Width of rear side, b 
Angle of leaf at stem, Ɵ 
Area of the Leaf, Al 
Area available for carbon capture, As 
Percentage benefit, Q 
Calculated 
Calculated 
 
Calculated 
 
 
 
Calculated 
Calculated 
 
 
 
 
Calculated 
Calculated 
Calculated 
 
Calculated 
Calculated 
Calculated 
1444 
0.95 
10 
36 
30 
1 
3 
12 
12 
2 
180 
90 
Trapezium 
14 
2.62 
11.7 
126 
100.3 
2407.6 
66.7 
4.1. Effect of stem helix angle 
The effect of helix angle on area created for carbon capture and on the percentage benefit over the land used for 
building the tree structure was given in figure-1. It can be inferred that as the helix angle increases, the area for 
carbon capture as well as the land benefit drop exponentially due to lesser packing of leafs. Thus, even though it 
may be appealing to select lower helix angle, two limitations; viz., shadow loss factor and asymptotic nature of 
dependence need to be kept in mind for arriving at a suitable angle. 
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Fig. 1. The effect of helix angle.  Fig. 2. The slenderness of the tree structure as a function of pitch 
4.2. Effect of the node to node distance, pitch  
As was mentioned earlier, the pitch increases the stem length and there by the slenderness of the building (l/d 
ratio) only and has no contribution to the carbon capture area. The pitch was a design parameter to decide on height 
required for the entry into the leaf from the stem. A minimum of 3m was generally preferred as an architectural need 
towards human entry. From the plant system point of view, since the leaf was open to sky, there was no height 
restriction. Figure-2 denotes that the pitch increased the l/d ratio linearly. 
4.3. Effect of leaf dimensions  
Since the leaf was considered as a trapezium, the width at the stem side was dictated by the stem diameter and its 
internals. For a given stem size, it was fixed. The width at rare side, as mentioned earlier was a function of two input 
variables; angle at stem and length of the leaf. For a given leaf angle, the length of the leaf influenced the areas of 
leaf and carbon capture, the land, the percentage benefit and the slenderness of the tree as described in figures 3-5.  
The increase in the length increased the area of the leaf thereby the area for carbon capture monotonically as 
shown in figure-3. In addition, as depicted in figure-4, the land needed for the structure also increased. As a 
consequence the slenderness of the building came down. However, the area benefit was lower than 100% and the 
trend followed an asymptote with increase in length of the leaf as shown in figure-5. An area wise increase for 
carbon capture in the order of >12000m2  with lower l/d ratio although was feasible, the number of supports needed 
for addressing the cantilever effect of leafs ought to be extra and to be considered for design of the leaf especially in 
light of making the structure economically competitive. 
 
 Fig. 3. Effect of the leaf length on area of the leaf and area ofcarbon 
capture 
Fig. 4. Effect of the leaf length on the land needed and slenderness of 
the tree structure  
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4.4. Effect of number of leafs per node 
In contrast to the effect of increase in leaf dimensions which limits the area benefit asymptotically, the number of 
leafs originate at each node had a strong impact as shown in figure-6. An area profit of over 200% was possible with 
increasing leafs per node. It may be noted that the increase in leafs per node increases the shadow portion also. 
 
 Fig. 5. The asymptotic nature of the area benefit with the 
increase in length of the leaf. 
                Fig. 6. Effect of number of leafs per node on area forcarbon 
capture and % Profit. 
4.5. Effect of changing the cycles  
One of the major directions for optimizing between area for carbon capture, slenderness of the building, Land 
needed and probably managing the aesthetics of the building and structural constraints was going for a change in the 
number of cycles. In the present simulation, we tried to repeat the node pattern followed for one cycle, where the 
position of first node reappears at the same place seen along the stem.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Effect of change in cycles or repetitions of node pattern. 
4.6.  An illustrative example tree-like structure 
A typical design of the building with the inputs was listed in table-1 considering two leafs per node and two 
cycles and was shown in figure-8a. The design was carried out using REVIT Architecture software. Figure 8b was 
the plan of the structure and figure-8c was the rendered image of a leaf of the structure. The leaf can accommodate 
any type of plant system; a C3, C4 plant system like such as maize (Zea mays), sugar cane (Saccharum officinarum), 
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sorghum (Sorghum bicolor), amaranth, paspalums (Paspalum notatum and P.urvillei), bermudagrass (Cynodon 
dactylon), blue grama (Bouteloua gracilis) and rhodes grass (Chloris gayana), forest trees like woody trees, 
agricrops like cereals, vegetables, leguminous and medicinal plants. María Valeria Lara et al. [12] preferred C4 
plants claiming highest carbon capture rate of about 100tons (dry matter) ha-1 year-1. A report by FAO, UNO [13] 
found carbon capture using grassland systems was more relevant for addressing global warming. Paes and Marin 
[14] found in their study on sugar cane in Brazil that the annual average of above soil carbon stock in sugarcane was 
8.8ton ha-1, higher than observed in other agricultural systems in the same region, such as degraded and well 
managed pastures, corn, cotton and soybean. In contrary, Beedlow et al. [15] found that the forest trees which 
sequester carbon in trunks was better than grass lands based on the nutrient requirement, interference of Ozone etc. 
Nevertheless, in our opinion, the selection criteria must be based on the plant growth rate rather than the quantity. 
Since the growth rate of the agricrops of C4 type was higher, this option outweighs the others. The short life of 
agricrops too was advantageous in that once the harvesting was completed, the carbon so sequestrated can be 
transported out and fresh harvesting can be initiated. The selection of plant system in general is more dependent on 
the economic viability. 
 
a b 
c 
 
Fig. 8. a) 3D view of the proposed building structure (typical), 2leaves/ nodes and 2cycles; b) Top view of the structure; c) Rendered image 
of the leaf of the structure. 
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We selected Banana trees as the example of plant system due to its high carbon capture rate and monetary 
returns. This is not based on the strict calculations of the economy and carbon capture capability. Any plant system 
like paddy, wheat, medicinal plants etc., and seasonal harvesting systems can also be recommended. The selection 
of the plant system trading off between monetary returns and carbon capture rate was not in the scope of the project. 
The concept of creating buildings with vegetation also attracted the modern architect. Two recent review articles    
[16, 17] outlined the need for the vertical farming concept and the efforts of the architectural community to create 
such buildings. The observation tower at Phoenix, Arizona, USA, designed by BIG architects [18], an urban vertical 
farm La Tour Vivante by SOA Architects, France [19] and a commercial vertical farm designed by Sky Greens 
architects Singapore [20] illustrates a sample works of the architects from various parts of the globe. Boeri Studio 
developed another two towers exclusively for vegetation at Milan city. They claim the vegetation on the buildings 
will be equal to a hectare of forest [21]. Quad lock- building system [22] describes the detail of how the balcony 
space can be organized with plant system.  
5. Simulation results and discussion 
In urban areas like cities, per capita carbon emission was very high due to high human packing density. In order 
to balance between anthropogenic carbon emissions and absorption, global efforts were on to contain the emissions 
as well as to improve upon the techniques for carbon capture. Chiefly, two routes were in vogue for carbon capture, 
viz., the path of utilizing plant kingdom, which was a natural method but slow and the other way was the chemical 
absorption. Architect was interested not necessarily on the methods of doing the carbon capture, but on aiding 
human effort by proper construction of facilities for carbon capture. In this context, we understood that the carbon 
capture was predominantly influenced by 1) the CO2 rich wind flowing past the plants/ artificial absorbers and 2) the 
availability of direct sunlight. Keeping these in view, a tree like structure was visualized in this paper emulating a 
tree.  
The essential features of the tree were modeled mathematically and for various input parameters, the area 
required for carbon capture and the land to be created to accommodate this area were estimated. The simulation 
assumed that node to node distance was constant, there were two leafs at each node, each leaf was trapezoidal in 
shape, leafs were perpendicular to stem, and stem was perpendicular to horizontal. For various values of helix angle, 
pitch, leaf dimensions, number of leafs per node and cycles; the simulation calculated the area for carbon capture, 
land needed and percentage benefit for carbon capture over land and slenderness of the structure. It was found that 
typically about 200% extra area can be created for a given land. The structure was adoptive to newer technologies of 
carbon capture also, like 1) algae harvesting 2) a chemical neutralization 3) conducting CO2-H2O reaction to convert 
CO2 into bio-fuel. REVIT architecture software was used to design a typical tree like structure.  
If the demand for carbon based energy continues to increase, the only way CO2 balance can be met was to 
accelerate the carbon capture. This was achieved only by increasing the concentration of plants using vertical 
stacking methods like the proposed structures in addition to the efforts by biologists and chemists. 
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